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ABSTRACT
The desired result of this paper is to determine what
effect the physical and thermal properties of a material
have on the ability of that material to act as an ablation
heat shield.

On the basis of their physical properties,

five materials, nickel, beryllium, fused quartz, teflon,
and phenolic-nylon, were chosen as examples.
The tools used for this study are heat transfer equations involving a change in material phase.

The resulting

criteria may be assumed applicable to any material exhibiting one of the four types of ablation processes.
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L I S T OF SY M B O L S

Q

Heat added, BTU/Ft.^hr.

Q
^r

Heat reradiated, BTU/Ft.^hr.

Q TTT

Internal heat quantity consumed as in latent heat
or heat of ablation, BTU/lbm .

K

Thermal conductivity, BTU/hr-Ft-UF

f

Density, lbm/Ft^
Specific heat, BTU/lbm -°F

CI
T

Temperature,

Too

Ambient temperature,

X

Total ablation shield thickness, ft.

o<

K/pCp Thermal diffusivity, Ft^/Hr.

<r

0.173 x 10 ^ Stefan-BoltzmannTs constant, BTU/hr-ft^-

€

Emissivity

T

Ablation temperature,

a

°F
°F

°F or °R

T
m

Melting temperature,

©

Time, Hr.

V

Ablation velocity, Ft/Hr.

D

Heat shield diameter, Ft.

Wt.

Total heat shield weight, lbsm

hf

Latent heat of fusion, BTU/lbm

hv

Latent heat of vaporization, BTU/lbm

aF

9

INTRODUCTION
In the past several years the exploration of space has
become a topic of much discussion.

Since the beginning of

NASATs "Project Mercury" several new expressions and terms
have entered into our vocabulary.
shield."

Such a term is "heat

The heat shield is a device used to protect the

interior of a space craft from the great quantities of heat
produced during re-entry.
The two most prominent types of heat shields are the
reradiating shield and the ablation shield.

The reradiating

shield, as used on the X-15, provides an effective insulating
surface for a heat flux below 40 BTU/ft -sec( 4 ) In re
entry of objects such as missiles or space capsules, however,
the usual heat flux ranges somewhere between 475 and 1500
BTU/ft -sec.

It is in this area that the ablation heat shield

becomes useful.

In ablation, the heat shield disposes of

the heat by both reradiation and by sacrificing some of its
mass during heat dissipation.
The object of this study is to determine, through the
use of previously derived equations (10), the qualities
which a heat shield of the ablation variety must possess in
order to perform satisfactorily.

This has been accomplished

by conducting a study of the physical Parameters of five
different types of materials and their relationship to
these equations.
All typed numbers refer to Bibliography
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The materials chosen for this study were selected for
three primary reasons.

First, four of the five have at one

time, or are at present, in use as ablation heat shields (16).
Second, they were chosen so as to give the greatest possible
range to the physical parameters under consideration.

Third,

the materials represent the four major types of ablation
processes:

melting, melting and vaporization, sublimation,

and charring and sublimation.
The evaluation of the materials was conducted under
two separate simulated conditions:
unmanned re-entry.

manned re-entry and

Each presents its own problems.

The

former has a relatively low heat flux input but a long abla
tion period; the latter, a high heat flux input and a short
ablation period.
Finally, a nomograph and set of charts have been con
structed for the five materials.

With these charts it is

possible, knowing the heating rate and time of application,
to determine the ablation velocity and the total shield
thickness for each material.
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R E V I E W OF L I T E R A T U R E

The study of the ablation phenomena has received a
great amount of interest in the past few years.

Both the

analytical and experimental approach have been given con
sideration.

Since the study of ablation is relatively new,

the experimental work has been most emphasized.
The ablation process may be divided into two major
parts; the study of heat application to the ablating surface,
and the ablation rate itself.

Rohsenow and Choi (1), Truitt(2),

and Shapiro (3) examined the former from an analytical point
of view.

They still rely on semi-emperical constants for

their analytical equations.

Anderson (4), on the other hand,

has chosen to use the experimentally determined heating history
of the re-entry vehicle, and thus partially by-passes the
complicated problem of heat flux application.
Most works on the ablative rate are usually confined
to one or two materials, and most data or information derived
is done so experimentally.

Such are the works of Scala

and Gilbert (5), Hidalgo (6), Adams (7), and Steg (3).

In

RohsenowTs text (9), an analytical expression is derived
equating the ablation velocity to the material parameters.
A nearly identical equation has been derived by Lin (10).
This equation seems superior

in that heat losses accounted

for by reradiation are included in the ablation equations.
In all the works encountered a common lack of detailed
information was noticed.

This may be accredited to two
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things.
new.

First, the study of ablation shielding is relatively

Second, the information which has been uncovered is

largely held under governmental control.

It is because of

this lack of data on material parameters and their relation
ship to the ablation process that this thesis was undertaken.
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S T A T E M E N T OF P R O B L E M

Although ablation techniques have been extensivelydeveloped in the past few years, the ablation process
itself is still shrouded in uncertainty.

The term abla

tion is defined as the wearing or wasting away of a
surface.

In terms of a heat shield, it is used to define

the process by which the shield sacrifices its mass while
absorbing large quantities of heat.

The main purpose of the

ablative material is to carry large amounts of heat energy
away from the surface before it is conducted through the
material.
The materials used are many, and vary from metallic
elements and minerals to special organic compounds.

In

making a study of the materials best suited to the ablation
process, and more specifically, to a given ablation process,
a knowledge of the material’s physical and thermal properties
are vital.

The purpose of this work is to examine the

controlling properties of five different materials to deter
mine which physical properties are most influential in
controlling the ablation process, and how they may be opti
mized.

It has been found that the following properties are

those which influence the ablative rate:

total heat ablation

Q TTt, material density p, surface emissivity € at the
ablative temperature Ta , specific heat of the material Cp,
melting temperature Tm , and the material’s thermal conduc
tivity K.
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The following equations (10) were used to equate the
above mentioned parameters to the ablative process:
■/ =

.
Q-gr

.-rgr.

(1 )

Where V is the ablation velocity of the shield in
ft/hr., Q is the heat rate applied to the ablation surface
o
BTU/ft -hr., t^ is the ambient air temperature (°F), and
Qr is the heat which is reradiated from the ablative sur
face (BTU/ft^-hr.)
Qr is defined by

ire zk(2)

=

where o~ = .173 x 10“° BTU/hr-ft^-<’R^' and is the StefanBoltzman constant.
The equation for the temperature distribution through
the shield is given as
...

x oc

-(&)(x -ve)

t = (Q-<a<--CL*v)-f7-£

+
+ ?

•

(3)

where t is the temperature (°F) at any point x (ft.)
at any given time ©(hr.) after ablation begins, a n d - i s
the thermal diffusivity, defined as
(4)
If equations 1, 2, and 4 are substituted into equation
3, the resulting equation becomes

t * ( r „ -zv) jer&K*"ve) v

(5)

Solving for x we have

X * & )L * (& z Z ) + V

B

(6 )

Therefore, if the heat rate, time of application and
ablative temperature for a given material are known, it should
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be possible to determine the total shield thickness for the
material so that the rear of the shield does not exceed a
predetermined temperature, t.

Once the shield thickness is

known, the total weight of the circular shield, of diameter
D (ft.)? may be easily determined from the following equation
Wt = X ? D ' %

(7)
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DISCUSSION
Heat flux, on the surface of a re-entry vehicle, is
a function of the vehicleTs angle of re-entry, as is the
time of heat application.

This angle of re-entry may vary

from a shallow angle for manned vehicles to a relatively
steep angle for unmanned vehicles.

Anderson (4) shows the

heating history for two such vehicles in Fig. 1.

The period

of re-entry, may be seen to vary inversely with the maximum
value of heat flux.
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period of time, so as to achieve a quantity of heat equal
to that found from the actual curves.

The heat flux values

in Fig. 2 correspond to the maximum values shown in Fig. 1
and are equal to 475 BTU/ft^sec., for the manned vehicle,
and 1500 BTU/ft^sec., for the unmanned vehicle.

The periods

of heat application are 3*78 minutes and .363 minutes,
respectively.

1500
Research Vehicle

A
1000

Btu
ftB-sec

Manned Vehicles

500

2

3

4

Time,min

FIG. 2.

SIMULATED HEATING HISTORIES FOR RE-ENTRY VEHICLES

In order to facilitate the use of previously mentioned
equations, the following conditions were assumed; an ambient
temperature of 60°F, a 6 feet diameter for the manned vehicle's
heat shield, and a 2 feet diameter for the unmanned vehicle's
heat shield.

It was also assumed that the rear surface of

the heat shields would not be allowed to exceed £00UF.
The remaining parameters required for the equations
are the physical and thermal properties of the various materials.
The materials chosen for this work were nickel, beryllium, teflon,
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fused quartz, and phenolic-nylon.
perties are listed in Table 1.
these materials are as follows.

Their individual pro

The reason for choosing
First, four of the five

materials have, at one time or another, been used as abla
tion shielding devices.

Second, the five materials listed

were chosen so as to have the widest possible range of
parameteric values.

Third, the four major types of ablation

processes are represented by these materials.
NICKEL:
Nickel, although it has not been used as an ablative
shield, was chosen in order to examine the effects of a
material having a high density and a relatively low heat of
ablation.
The heat of ablation for various materials will vary
according to the type of ablative process taking place.
The general equation for finding the total heat of ablation
is,
Q s

+ Cp (tZ. -

^

Where hp and hv are the heats of fusion and vaporization,
respectively.

In the case of Nickel, it undergoes a melt

ing ablation process, therefore the heat of vaporization may
be disreguarded.
Melting ablation results from the fact that the material
reaches a low viscosity shortly after changing to the liquid
phase (7)*

That is, the viscosity of a material such as

nickel becomes low enough soon after its phase change that,
the liquid will flow toward the edges of the shield and be
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blown off before vaporization can occur.

The exact temper

ature of this liquid, when leaving the shield, is not known.
For the case of nickel, it was assumed to be 3000UF.
BERYLLIUM:
Beryllium, the second of the metallic materials under
study, has been used in preliminary stud'ys of the ablation
mechanism.

It was initially used as shielding in ballistic

cones and in the preliminary launchings of the Mercury cap
sule (16).

As did nickel, beryllium also ablates by the

pure melting process, and as with nickel, the liquid metal
temperature is assumed to rise to 3000UF before flowing to
the shieldTs edge and blowing off.

Beryllium was chosen

because of its high specific heat -.$2- and its high heat
of fusion - 470 BTU/H *
FUSED QUARTZ:
Fused quartz represents a melting and vaporization
type ablation.

This material has proved quite useful in

small, fast re-entry vehicles and is at present in use on
the Titan missile (16).
The melting and vaporization phases come about because
of the structural makeup of quartz.
liquid.

Quartz is a supercooled

That is, quartz has no crystalline lattice struc

ture as does a metal.

Since it is already a liquid, it does

not have a high-temperature melting point, but rather a
softening point.

This softening point, 3100°F., does how

ever show a small increase in heat capacity (61 BTU/lb.)
as would the heat of fusion at the melting point.

The use

fulness of quartz comes from the fact that its liquid form
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is so viscous that it will not flow (6).

It, therefore,

remains on the shield surface until it reaches its vapor
ization temperature - 4046°F. then vaporizes with a tremen
dous heat of vaporization - 5500 BTU/lb.
TEFLON:
For the purpose of the ablation process, Teflon is
accepted as a subliming material.

In actuality, it has

both a melting and a vaporization point.

The reason for

considering Teflon as a subliming material is that the range
of its liquid phase is so small (140°F) and the heat flux
which it is subjected to is so great that, in the ablation
process, no trace can be found of the liquid.
Teflon, which is presently in use on the Scout missile(l6),
is a low temperature ablator.

It reaches its vaporization

point at such a low temperature - 1040°F that the reradiat
ing effect, usually present in this type of heating, is
considered negligible.
The surprising thing about teflon is its high heat of
ablation - 3120 BTU/lb.

This is due to the fact that teflon

is an organic material and contains large amounts of hydro
gen in its chemical make-up.

Hydrogen, which absorbs large

quantities of heat on dissociation, contributes the major
portion of the heat of ablation.
Another factor in favor of teflon is its extremely small
thermal conductivity, so small that the first term in the
ablation thickness equation (6) may almost be neglected.
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PHENOLIC-NYLON:
The final material is a phenolic-nylon mixture, consist
ing of

phenolic, by weight.

It is a subliming ablator,

but differs from teflon in that a char residue is left on
the surface after sublimation.
Phenolic-nylon, which at present is being used in the
Discoverer Satellite Program (16), is a mixture of two
organic compounds.

Phenolic is a type of epoxy cement which

is mixed with nylon fibers in order to provide structural
stability.

This type of shield is designed to provide a

maximum amount of insulation protection with a minimum
amount of material.

This is accomplished by its high heat

of ablation and its low thermal conductivity.
The ablation of phenolic-nylon occurs in several phases
At a distance of a few millimeters below its surface (13),
decomposition of the material occurs.

Since the substance

is an organic compound, it is composed, as is teflon, mainly
of hydrogen and carbon.

It is the hydrogen which absorbes

the tremendous amounts of heat and is the main factor con
tributing to the heat of ablation.

This process occurs at

the vaporization temperature of the material -1&32°F.

The

carbon residue, which forms around the decomposed nylon
structure (5), slowly ablates to the surface, where it acts
much like the carbon arc in a lamp.

That is, it is able to

sustain surface temperatures of the order of 3000°F.

Since

the surface material is carbon, and carbon has a very high
emissivity -.9-, a maximum fraction of the impinging heat
flux will be reradiated.
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MELTING TEMP.- °F
BOILING TEMP.- °F
SP.HEAT - Cp
BTU/lb. °F
THERMAL
CONDUCTIVITY - K
BTU/HR.FT. - °F
DENSITY - - lb/FT'
EMISSIVITY HEAT OF FUSION
hf - BTU/lb.

2651

HEAT OF ABLATION
Q " ’ - BTU/lb.

3100
4046

-

-

.82
.15
@2000°F
@2000°F

.25

TEFLON

1
O •
b-trH
i-q S3
O O
S H—1
tc S
•Oh

-

-

1832
1040
(SUBL.) (PYROL.)
.4

.275
@500°F

43

11.5

.14

.14
@450°F

556

114

16 5.4

135

102

.85
<§1200 °F

.61

133.2

.470

61

-

5500

36

HEAT OF VAPORATIOt
h - BTU/lb.
ABLATION TEMP.-°R

2400

FUSED
QUARTZ

NICKEL

MATERIALS

#1.MATERIAL PARAMETERS

BERYLLIUM

TABLE

.75

-

.9

@500 °F
-

-

-

-

3460

3460

4506

1500

3420

186

962

5797

3120

4480

I. kOfo PHENOLIC BY WEIGHT
SUBL. - SUBLIMATION
PYROL. - PYROLYSIS (DECOMPOSITION)
REFERENCES - 5,6,8,11,12,13,14,15
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ABLATION
TIME
- MIN.

M
U

1.71
5.4

2.11
2.11

.445
.445

4. &4
16.9

3.78
•363

.419
.1348

6600
236

BERYLLIUM M
U

1.71
5.4

1.512
1.512

.468
.468

4.83
16.28

3.78
.363

.416
.1316

1340
47.1

FUSED
QUARTZ

M
U

1.71
5.4

5.34
5.34

.2775
.2775

1.08
4.47

3.78
.363

.431
.116

2015
60.3

TEFLON

M
U

1.71
5.4

—
-

.0026
.0026

3.61
11.40

3.78
.363

.227
.069

865
29.3

PHENOLIC- M
NYLON1 * U

1.71
5.4

2.13
2.13

.005
.005

2.96
10.25

3-78
.363

.188
.061

542
19.5

MATERIAL

K

ABLATION
VELOCITY
V - FT./HR.

1
>H
hC Eh .
< H PC

HEAT APPLIED
Q x 106
BTU/HR.FT.

Q
H
Eh
<aj C\2
M
Oin Eh
< O Ph
Dh 1
-1 *
H
PC
K ^
Eh ^
< O’E-h
H
PQ
PC

ABLATION
SHIELD
WEIGHT - lb.

ABLATION VALUES

TOTAL ABLATION
SHIELD THICKNES
X - FT.

TABLE #2.

NICKEL

H C/XV
ffi1=3 •
Eh Ph Eh
Ph
H
Q

1. 40% PHENOLIC BY WEIGHT
* M - MANNED - 6 FT. DIA.
* U - UNMANNED - 2 FT. DIA.
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ABLATION RESULTS:
In determining the values of ablation velocities, total
shield thickness, and shield weight, Table 1. should be
consulted for the physical properties of the materials.
To calculate the ablation velocity, equations ($) and (2)
should be substituted into equation (1).

The value of total

shield thickness may be found from equation (6), where^is
defined by equation (4).

To find the total shield weight,

knowing that the shield diameter for the manned vehicle is
6 feet and that of the unmanned vehicle is 2 feet, equation
(7) should be used.
The resulting values for both manned and unmanned vehicles,
for each of the materials discussed, may be found in tabula
ted form in Table 2.

The ablation shield thickness varies,

for the manned vehicle, from .419 ft., for nickel, to .1$$
ft., for phenolic-nylon.

In the case of the unmanned vehicle

the thickness fluctuates between .134$ ft., for nickel,
and .061 ft., for phenolic-nylon.

A wide range of shield

weight was also obtained for the five materials.

These

ranged from 6600 lbs. (nickel) to 540 lbs. (phenolic-nylon),
for the manned vehicle, and 236 lbs. (nickel) to 19.5 lbs.
(phenolic-nylon), for the unmanned vehicle.
CHARTS:
The final section of this discussion deals with the
calculation made in the previous discussion.

For further

reference, a set of charts has been constructed in which
the ablation velocity and shield thickness are related to
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the heat flux and the time of heat application.
Chart 1. is a nomograph in which the heat flux is
related to the ablation velocity for the five materials
which have been discussed.

Charts 2 thru 6 are charts for

the individual materials.

Each chart is a plot of the time

of heat application vs. the ablation velocity, showing lines
of constant ablation thickness.

Probably the most effec

tive manner in which to illustrate these charts is through
an example problem.
Example: Recent tests have been conducted on a relatively
steep re-entry angle.

A heating history, similar to that

in fig. 1. has been recorded and it has been found that this
heating curve can be simulated by a constant heat flux of 3.3
x 10^ BTU/hr. ft.^ for a period of 0.45 minutes.

It is

desired to know what thickness a phenolic-nylon shield would
have to be in order to protect the re-entry vehicle.

Also,

how much would a shield two feet in diameter weigh, if the
bonding surface of the shield was not allowed to reach a
temperature greater than 300°F?
Using Chart #1 and knowing the value of heat flux,
for the phenolic-nylon shield, the ablation velocity is
found to be,
V = 7.0 ft/hr.
Consulting Chart #6 for an ablation velocity of
7.0 ft/hr. and a period of 0.45 minutes, it will be
found that a total shield thickness
X = .05 ft.
will be sufficient for the stated purpose.
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The weight of the shield may then be calculated
from equation (7).
Wt. = {.05) (102) Tr/4 (2)2 = 16 lbs.
The phenolic-nylon shield, for the proposed re
entry path, will be .05 ft. thick and weigh 16 lbs.
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SHIELD

ABLATION

VELOCITY

o

*
a:
x
s
X
0?
+
X

X
O
I
o
UJ
_]

<x

CL

<
S
X

V fi

________ Q - Qr_____
e( c, ( tm - t_) 4- <i )

LEGEND
t NICKEL

X TEFUON

— BERYLLIUM

+ PHENOLIC NYLON

© FUSED QUARTZ

CHART #1

ABLATION V E L O C I T Y - V - F T / H R

HEAT

NICKEL

CHART #2 - Ablation velocity of nickel vs. heat application time, showing lines of
total ablation shield thickness. Rear pf shield does not exceed 800 °F.
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BERYLLIUM

CHART #3 - Ablation velocity of beryllium vs. heat application time, showing lines of
total ablation shield thickness.
Rear of shield does not exceed 800 *F.
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9
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CHART #4 - Ablation velocity of fused quartz vs. heat
application time, showing lines of total
ablation shield thickness. Rear of shield
does not exceed 800
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TEFLON

Total Ablation Shield

TIME OF HEAT APPLICATION
CHART

Ablation

heat application time
shield does
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4
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6
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8
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TIME OF HEAT APPLICATION - © - MIN.
CHART #6 - Ablation velocity of phenolic-nylon vs. heat application
time, showing lines of total ablation shield thickness.
Rear of shield does not exceed 800 °F.
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CONCLUSIONS
Now that the ablation values, listed in Table 2, have
been established, we ma]/ use them to examine the effects
that the various physical parameters have on the ablation
process.
The most important of these parameters seems to be the
heat-of-ablation.

Of the materials examined, the heats of

ablation vary from 136 - 5797 BTU/lbs.

This large fluctua

tion is primarily due to the type of ablation taking place.
The smaller values of heat-of-ablation are associated with
melting ablation

while the large values may be found where

vaporization and sublimation occur.

It seems only natural

that this should occur, since the heat of fusion plus the
heat of vaporization will absorb much larger quantities of
heat than the heat of fusion alone.
Another interesting aspect appears, this is the use of
organic materials for shielding.
low temperature materials
ablation.
further

These materials, although

show extremely high heats of

This is due to decomposition of the material and
to the decomposition and dissociation of the hydroge

molecules prevalent in organic compounds.
It will be noted that the value of 5797 BTU/lbs. given
above

is the heat-of-ablation for fused quartz.

Why then

is the total ablation thickness for fused quartz greater
that that of some of the other materials possessing smaller
heats of ablation?

This can be best answered by comparing
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the results calculated from equation (6), which is as follows

x -(■$) t " ( ¥ € & ) + r *
The equation is composed of two terms.

The first term

concerns the heat conduction through the material.

The

second is the thickness ablated.

It is the first term with

which this problem is concerned.

Two of the material para

meters exert control on this term.
sublimation temperature.

First is the melting or

If this temperature is of approx

imately the same magnitude as the temperature -t-, the value
of the first term will be considerably reduced.

Secondly,

if the value of << is small, the size of this term may be
reduced even more.

is controlled by the thermal conducti

vity, which is the deciding parameter in the first term of
equation (6).
Comparison of quartz and phenolic-nylon values, cor
responding to equation (6), for the manned vehicle, are
listed below:
:

cx ^ . 2 7I S ’

K * // .

= . 3£3

Phenolic-nylon:

£

+.069

./*

-

fe -

cx

* " ITfi) /<UC y.^-75

. ooS~

(*rr)

X = .oo / J - +. /36S" = ./ 9 *
It should be noticed that while phenolic-nylon ablates
at a rate more than double that of quartz, the insulating
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thickness required behind the ablating section is only a
fraction of that required for quartz.
The three other parameters under study, density, specific
heat, and emissivity, are of relatively less importance.
The use of high density materials, such as nickel, in order
to reduce the ablation velocity, proved to be self-defeating.
While it did provide a decrease in ablation velocity, it
also increased the weight of the shield beyond any point
of feasibility.

It should be assumed, therefore, that low

density materials will prove to be the best shielding solution.
This assumption can be based on the performance values of
phenolic-nylon.
Specific heat remains somewhat of an unanswered question.
A high specific heat would serve, as in the case of beryllium,
to reduce the ablation velocity and thermal diffusivity.
However, it is only in very rare cases that a material cap
able of being used as a heat shield, is found to possess a
specific heat larger than .4 or .5.
The reradiating term -Qr- can be of great importance if
a material of high emissivity can be found.
nylon seems to provide the answer.

Again, phenolic-

The fact that it forms

a char layer upon ablating, increases the reradiation to
such an extent that, as much as 10 - 12% of the heat received
by the shield may be reradiated.
In conclusion, phenolic-nylon seems to possess the
qualities required for a good ablation shield.
no means an ultimate heat shield, however.

It is by

Further studies

%

are being made to find materials for the extremely high heat
flux rates encountered in the re-entry of vehicles return
ing from the Moon or another planet.

At the present time,

studies are under way on phenolic-asbestos materials (16)
which is hoped, will provide the answer.
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